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ABSTRACT 
ALSTERMARK, B. 1983. Functional role of propriospinal neurones in the 
control of forel imb movements. A beha vioural and el ectrophysiological 
study. 1-32. Department o f Physiology, U niversity of Göteborg, Box 33031, 
S-40Ü 33 Göteborg, Sweden. 
Propriospinal neurones (PNs) i n the C3-C4 se gments, whi ch me diate 
disynaptic excitat ion from higher mo tor centres t o forel imb motoneurones, 
have be en an alysed in behavioural and electrophysi ological experiments. 
The eff ect of spinal cord lesions interrupting the input to the 
C3-C4 PNs and/or the forel imb segments was investigated on a forel imb 
movement. The res ults show that a co mmand for target reaching is mediated 
by the C3-C4 PNs but a command f or food-taking by interneurones in the 
forel imb segments. 
Electr ical st imulation in the region of the lateral ret icular 
nucleus (LRN) gave antidro mic activation of C3-C4 PNs which showed t hat 
they have an ascending col lateral to the LRN. I t  is postulated t hat the 
cerebellum is informed ab out the activ i ty in the C3-C4 PN s. S timulation in 
the LRN evoked a monosynaptic EPSP i n forel imb motoneurones which is 
assumed to be mediated by the bifurcating axons of the C3-C4 PNs. A 
comparison o f the LRN E PSP amplitude with the homonymous group I  EPSP 
amplitude, in put resistance and afterh yperpolarization duration suggested 
correlation with motor un it type in the order S > FR > FF. Analysis of the 
t ime course of the LRN E PSP indicated that i t  is mediated by PNs with 
dif ferent axonal conduction velocit ies. Fast motoneurones receive 
projection predominantly from fas t PNs, while slow motoneurones receive 
input from fas t and slow P Ns. 
In most moto neurones the amplitude of the disynaptic pyramidal 
(Pyr) EPSP wa s smaller than the LRN E PSP ampl itude. There wa s a negative 
correlat ion between the rat io of these amplitudes (Pyr EPSP :  LRN E PSP) and 
the Pyr segmental latency. I t  is suggested that this relat ion ref lects the 
excitabil i ty level in the PN s. 
Intracel lular recording from C3-C4 P Ns revealed disynaptic IPSPs 
evoked from higher motor centres and from for el imb afferents. Disynaptic 
pyramidal IPSPs were mediated mainly via local spinal inhibitory 
interneurones. Two di f ferent spinal inhibitory systems were d isclosed. One 
system received convergence from cortico-, rubro-, tecto- and 
ret iculospinal f ibres and mig ht give feed-forward inhibit ion. The other 
system which was strongly activated by cu taneous and/or mus cle afferents 
may provide feed-back inhibit ion of the C3 -C4 PN s. 
A dif ferential electromyographic (EMG) act ivi ty was recorded in the 
fast lateral (LaT) and slow m edial (MeT) head s of tr iceps brachii  during 
target reaching. MeT was tonical ly active during standing but became 
gradually less active during the extensor t hrust preceding l imb l i f t ing. 
The converse pattern was found in LaT. During the protraction, LaT be came 
s t r o n g l y  a c t i v e  w h i l e  M e T  w a s  i n a c t i v e  o r  o n l y  w e a k l y  a c t i v e .  I t  i s  
suggested that these differences in EMG ref lect a d if ferential control of 
fast and slow m otor u nits. 
Key words: Forel imb movement -  Spinal cord lesions -  C3-C4 propriospinal 
neurones -  Motoneurones -  LRN -  Inhibit ion -  EMG -  Fast and s low mu scles. 
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I N T R O D U C T I O N  
M o d e r n  i n v e s t i g a t i o n s  o f  t h e  n e u r o n a l  o r g a n i z a t i o n  o f  d e s c e n d i n g  
p a t h w a y s  b e g a n  w i t h  L l o y d ' s  s t u d y  o f  p y r a m i d a l  e f f e c t s  i n  t h e  c a t  s p i n a l  
c o r d  ( L l o y d  1 9 4 1 ) .  H e  u s e d  t h e  t e c h n i q u e  o f  c o n d i t i o n i n g  m o n o s y n a p t i c  t e s t  
r e f l e x e s  ( R e n s h a w  1 9 4 0 )  a n d  s h o w e d  t h a t  t e m p o r a l  f a c i l i t a t i o n  w a s  r e q u i r e d  
t o  e v o k e  p y r a m i d a l  e x c i t a t i o n  i n  m o t o n e u r o n e s  s u g g e s t i n g  t h a t  i n t e r c a l a t e d  
n e u r o n e s  m e d i a t e d  t h e  e f f e c t .  T h e  s a m e  p r i n c i p a l  a p p r o a c h  w a s  u s e d  b y  
L u n d b e r g  a n d  V o o r h o e v e  ( 1 9 6 2 )  w h o  r e c o r d e d  i n t r a c e l 1 u l a r l y  f r o m  
m o t o n e u r o n e s  a n d  f o u n d  f a c i l i t a t i o n  f r o m  t h e  s e n s o r i m o t o r  c o r t e x  o f  
e x c i t a t o r y  a n d  i n h i b i t o r y  s e g m e n t a l  r e f l e x e s .  I t  w a s  s h o w n  t h a t  t h e  
i n t e r a c t i o n  b e t w e e n  c o r t i c o s p i n a l  v o l l e y s  a n d  i m p u l s e s  f r o m  h i n d l i m b  
a f f e r e n t s  o c c u r r e d  i n  t h e  i n t e r n e u r o n e s  m e d i a t i n g  t h e  r e f l e x e s  t o  
m o t o n e u r o n e s .  T h i s  w a s  c o n f i r m e d  w h e n  L u n d b e r g  e t  a l .  ( 1 9 6 2 )  r e c o r d e d  
d i r e c t l y  f r o m  i n t e r n e u r o n e s  a n d  o b s e r v e d  c o n v e r g e n c e  f r o m  c o r t e x  a n d  
h i n d l i m b  a f f e r e n t s .  H o w e v e r ,  i t  w a s  d i f f i c u l t  t o  a s s e s s  t h e  s y n a p t i c  
l i n k a g e  f r o m  t h e  c o r t i c o s p i n a l  t r a c t ,  b e c a u s e  t h e  t e m p o r a l  d i s p e r s i o n  m a d e  
m e a s u r e m e n t s  o f  t h e  s e g m e n t a l  l a t e n c y  u n c e r t a i n .  T h i s  w a s  a  m a j o r  r e a s o n  
f o r  l i i e r t  e t  a l .  ( 1 9 7 6 )  t o  i n v e s t i g a t e  c o r t i c o - m o t o n e u r o n a l  e f f e c t s  i n  t h e  
f o r e l i m b  s e g m e n t s ,  w h e r e  t h e  c o r t i c o s p i n a l  v o l l e y  i s  s t i l l  r a t h e r  
s y n c h r o n i z e d .  T h e y  o b s e r v e d  a  d i s t i n c t  E P S P  w i t h  a  s e g m e n t a l  l a t e n c y  
i n d i c a t i n g  a  d i s y n a p t i c  l i n k a g e  ( I l l e r t  e t  a l .  1 9 7 6 )  a n d  p r o c e e d e d  t o  
a n a l y s e  t h e  l o c a t i o n  o f  t h e  i n t e r c a l a t e d  n e u r o n e  ( I l l e r t  e t  a l .  1 9 7 7 ) .  B y  
m a k i n g  a c u t e  s p i n a l  c o r d  t r a n s e c t i o n s  o f  t h e  c o r t i c o -  a n d  r u b r o s p i n a l  
t r a c t s  a t  d i f f e r e n t  l e v e l s ,  t h e y  c o u l d  s h o w  t h a t  t h e  d i s y n a p t i c  p y r a m i d a l  
a n d  r u b r a l  E P S P s  w e r e  r e l a y e d  v i a  p r o p r i o s p i n a l  n e u r o n e s  ( P N s )  l o c a t e d  i n  
t h e  t h i r d  a n d  f o u r t h  c e r v i c a l  s e g m e n t s  ( C 3 - C 4  P N s )  ( I l l e r t  e t  a l .  1 9 7 7 ) .  
T h e  e x i s t e n c e  o f  s u c h  s h o r t  P N s  w a s  v e r i f i e d  b y  r e t r o g r a d e  l a b e l l i n g  o f  
c e l l  b o d i e s  l o c a t e d  i n  t h e  C 3 - C 4  s e g m e n t s  a f t e r  s m a l l  i n j e c t i o n s  o f  
h o r s e r a d i s h  p e r o x i d a s e  i n t o  t h e  f o r e l i m b  m o t o r  n u c l e i  ( G r a n t  e t  a l .  1 9 8 0 ) .  
T h e  d i s y n a p t i c  p y r a m i d a l  E P S P  i n  f o r e l i m b  m o t o n e u r o n e s  w a s  t h e n  u s e d  a s  a  
t e s t  f o r  s t u d y i n g  c o n v e r g e n c e  o n t o  t h e  C 3 - C 4  P N s .  W i t h  t h i s  i n d i r e c t  m e t h o d  
I l l e r t  e t  a l .  ( 1 9 7 7 ,  1 9 8 1 )  d e m o n s t r a t e d  m o n o s y n a p t i c  e x c i t a t o r y  c o n v e r g e n c e  
o n t o  t h e  C 3 - C 4  P N s  f r o m  c o r t i c o ,  r u b r o - ,  t e c t o -  a n d  r e t  i  c u l  o s p i n a l  f i b r e s  
a n d  f r o m  l o w  t h r e s h o l d  c u t a n e o u s  a n d  g r o u p  I  m u s c l e  a f f e r e n t s .  P y r a m i d a l  
s t i m u l a t i o n  e v o k e d  n o t  o n l y  e x c i t a t i o n  b u t  a l s o  i n h i b i t i o n  i n  f o r e l i m b  
m o t o n e u r o n e s  ( I l l e r t  e t  a l .  1 9 7 6 ) .  I l l e r t  a n d  T a n a k a  ( 1 9 7 8 )  c o u l d  s h o w  t h a t  
a t  l e a s t  p a r t  o f  t h i s  i n h i b i t i o n  w a s  t r i s y n a p t i c a l l y  m e d i a t e d  b y  C 3 - C 4  P N s  
a n d  t h e  l a  i n h i b i t o r y  i n t e r n e u r o n e s .  
S o  f a r ,  t h e  C 3 - C 4  P N s  w e r e  c h a r a c t e r ! ' z e d  i n d i r e c t l y  b y  r e c o r d i n g  
6 
f rom motoneurones. The an alysis was cont inued by recording direct ly from 
candidate neurones in the C3-C4 se gments.  They we re i dent i f ied as P Ns by 
ant idromic st imulat ion of  their  axons in the ventral  part  of  the latera l  
funic le in the forel imb segments ( I l ler t  et  a l .  1978).  Monosynapt ic 
exci tat ion was found in the,C3-C4 PNs f rom each of  the systems giv ing 
faci l i tat ion of the disynapt ic pyramidal  EPSPs in motoneurones ( l i ier t  et  
a l .  1978, 1981).  
The broad convergence f rom several  supraspinal  centres and the 
per iphery was interest ing,  and one aim of  the present thesis was to use 
th is propr i  ospi  nal  system as a model for  invest igat ing the ro le of  
pre-motoneuronal  integrat ion in motor control .  Another important feature of  
the C3-C4 P Ns is  that  they have an asce nding axon co l la teral  to the latera l  
ret icular nucleus (LRN) ( I l lert  and Lundberg 1978),  which is  a major mossy 
f ibre input to the cerebel lum (Corvaja et  a l .  1977, Hrycyshyn and 
Flumerfel t  1981).  The ascendin g pr oject ion f rom the C3-C4 PNs to the LRN 
has now been systemat ical ly analysed and also used as a tool  for  
invest igat ing the propr iospinal  project ion to fore l imb motoneurones in more 
detai1.  
RESULTS 
A. Funct ional  role of  the C3-C4 P Ns (Paper I )  
The C3-C4 PNs are ef fect ively act ivated by impulses in the 
cort icospinal  and rubro spinal  t racts ( I l lert  et  a l .  1977, 1978).  In order 
to study i f  a descending co mmand is  mediated v ia the C3-C4 PN s, a movement 
was used which i s  known to depend on the pyramidal  (Gorska and S ybirska 
1980) and r ubrospinal  (Sybirska and Gorska 1980) t racts.  Cats were t r a ined 
to make a s ingle,  swif t  forel imb movement to retr ieve food af ter  insert ion 
of  the paw i nto a narrow tube placed e i ther hor izontal ly at  shoulder l evel  
or  vert ica l ly on the f loor.  The m ovement consists of  two major components:  
i )  " the target-reaching movement";  l i mb l i f t ing,  direct ing the forepaw t o 
the tube opening and ins er t ing i t  into the tube, and i i )  "the food-taking 
movement";  grasping a smal l  morsel  of  food wi th the claws inside the tube, 
retract ing the l imb, supinat ing the forepaw and br inging the food to the 
mouth.  
The c el l  bodies o f  the C3-C4 P Ns are located outside the forel imb 
segments (C6-Thl)  and their  axons descend in the ventral  part  of  the 
lateral  funic le (VLF; I l ler t  et  a l .  1977, 1978),  whereas the cort ico- and 
7 
CSTand RST 
Dorsal lesion of the LF 
transecting CST and RST 
to C3-C4 PNs and to C6-Thl 
Ventral lesion of the LF 
transecting BST to C6-TI 
and ascending collaterals 
from C3-C4 PNs to LR h 
.Dorsal lesion of the LF 
transecting CST and RST to 
forelimb segments but not to 
C3-C4 PNs 
C6-Thl 
forelimb 
segments 
Ventral lesion of the LF 
transecting C3-C4 PN axons 
and BST to C6-Thl 
Fig.  1.  Schemat ic  drawing of  the cerv ical  cord showi ng the d i f ferent  
les ions and the t ra jector ies of  the re levant  f ibre t racts .  
Abbreviat ions:  cor t icospinal  t ract  -  CST; rub rospinal  t racts -  RST; 
bu lbospinal  t racts -  BST; propr iospinal  neurone -  PN; lateral  
re t icu lar  nucleus -  LRN; la tera l  funic le -  LF.  
rubrospinal  t racts descend in  the dorsal  par t  of  the la teral  funic le (DLF; 
Nyberg-Hansen 1966).  I t  is  thus possib le to make d i f ferent ia l  spinal  cord 
les ions,  so th at  a co mmand in  the cor t ico-  and rubrospinal  t racts can be 
t ransmit ted e i tner  v ia the C3-C4 P Ns a f ter  a C5/C6 DL F t ra nsect ion or  by 
the segmental  in terneuronal  network af ter  a C5/C6 VLF t ransect ion,  which 
in terrupts the axons of  the C3-C4 PNs (Fig .  1) .  The cor t ico-  and 
rubrospinal  t racts could a lso be t ransected just  rost ra l  to  the C3-C4 PNs 
(F ig.  1)  in terrupt ing the input  both to the C3-C4 P Ns and the segmental  
in terneurones.  Af ter  the la t ter  les ion,  the target- reach i  ng and the 
food-tak ing movement were severely impaired indicat ing that  the major  
pathways re lay ing these moto r  commands had be en in te rrupted.  
1.  The ta rget- reaching mo vement 
F igure 2 A i l lust rates the movement a f ter  a C5 /C6 D LF t ra nsect ion.  
The cat  in i t iated l imb l i f t ing in a nor mal  manner by a rap id accelerat ive 
movement.  Thereaf ter ,  the speed decl ine d dur ing p rotract ion,  and f inal ly  
the forepaw w as smoothly in ser ted in to the tube.  Compar ison wi th the normal  
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A 
Fig. 2. Target-reaching movement. A, a cat with a C5/C6 DLF 
transection 8 days p ostoperat ively. Moving f i lm was always taken at 
32 frames/s; frame num ber is indicated in each p icture. Observe the 
precision in the reaching move ment; the accurate t iming of the wrist  
extension enabl ing the forepaw t o be ins erted in one swif t  movement. 
B shows target-reaching in a cat with a C5/C6 VLF l esion one mo nth 
postoperat ively. Limb l i f t ing was in i t iated in a seemingly normal 
manner (not i l lustrated).  Note the error in the trajectory of the 
reaching movement in frame 2, giving an overshoot.  Correct ive 
movement resulted in an undershoot ( frame 10) before insert ion 
(12-17). 
cat revealed no de fect in the target-reaching movement (see Fi g. 1 in Paper 
I ) .  However, after the C5/C6 V LF tr ansect ion a clear def ici t  in aiming wa s 
discovered as sho wn in Fig. 2 B. The l i f t ing movement started in a normal 
way ( not i l lustrated),  but before insert ion of the forepaw into the tube, a 
quick upward de viat ion occurred fo l lowed by an undershoot.  These movem ents 
appeared in any direct ion around the tube opening and wer e described as 
ataxia. I t  was not l imited to this part icular test s i tuat ion but also 
occurred when the animal made a forel imb protract ion to take a piece of 
food placed on a table without any spat ial  restr ict ions. 
2. The food-taking movement 
After a C5/C6 DL F tr ansect ion the food-taking movement was lacking 
(early postoperat ive phase). The cats were unable to grasp the food but 
could use the claws passively, hooking and pressi ng the forepaw against the 
inside of the tube. Note i n Fig. 3 A t hat the food drops from the tube. 
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Fig- 3.  Food-taking movement.  A,  same cat  as in Fig.  2 A w i th a 
C5/C6 DLF lesion. Note the v i r tua l ly complete loss of  toe grasping 
and pa w supi nat ion resul t ing in an in abi l i ty  of  hold ing the morsel  
which dropped ( f rame 32} to the f loor.  B, same cat  as i n Fig.  2 B 
wi th a C5/C6 VLF t ransect ion.  The morsel  was grasped wi th toe 
f lexion and brought to the mouth wi th the paw supinated. To maintain 
the posi t ion dur ing grasping, the cats used their  f i f th toe to 
stabi l ize the paw (6) .  
Even w hen the food wa s hook ed to the claws, the cats were unable to br ing 
i t  to the mouth wi th the wr ist  in a supinated p osi t ion.  In contrast ,  the 
cats wi th a C5 /C6 VLF t ra nsect ion could act ively grasp and h old the food 
wi th the claws whi le br inging i t  to the mouth as shown i n Fig.  3 B.  Note 
also that  the cat abducts the f i f th toe and gr ips around the upper edge of  
the tube. This was observed in al l  the cats wi th a C5/ C6 V LF t ra nsect ion 
but never i n the normal animals.  I t  is possib le that  th is "new" strategy 
developed t o prevent ataxia and to stabi l ize the paw dur in g grasping. 
Lesions were also made i n the VLF a t  the C2/C3 level  (Fig.  1) in 
order to determine i f  other ascending and desc ending f i bres contr ibute to 
the def ic i t  af ter  the C5/ C6 t rans ect ion (cf .  Discussion for  the ascending 
col lateral  to the LRN f rom the C3-C4 PNs).  No d ef ic i t  at  a l l  was observed 
ei ther in the target-reaching or in the food-taking movements.  
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B. Double project ion of the C3-C4 P Ns (Paper I I )  
1. Ascending pro ject ion to the LRN 
The C3-C4 PN s have an ascending axo n c ol lateral  to the LRN ( l i iert  
and Lundberg 19 78 and P aper I I ) .  This project ion was analysed by systematic 
t racking in and around the LRN searching for low threshold points and 
ant idromic latency shif ts as in dicators of terminat ion. Figure 4 A shows 
extracel lular records of a PN act ivated at low threshold from two tracks 
both in and o utside the LRN as indicated in Fig. 4 B. Note the latency 
increase from depth 3.5 to 4 mm ( track b) and the stepwise change in 
latency with increasing st imulus intensity.  The longitudinal extent of 
terminat ion within the LRN is given for another PN in Fig. 4 C.D. I t  was 
act ivated at low threshold within the LRN at 2 mm caudal to obex, at obex 
and 1 mm ro stral  to obex, but not at 2 mm rostral  to obex which i s just 
rostral  to the LRN. 
The r esults showed that the stem axo ns o f the C3-C4 PN s enter the 
LRN from a dorsomedial posit ion in the caudal part  of the nucleus and then 
terminate at several discrete levels wi thin the ent ire nucleus. 
Fig. 4. Threshold map ping for ant idromic act ivat ion of C3-C4 PNs 
f rom regions in and around the LRN. A,B, recordings from one PN 
during st imulat ion just dorsal to and w ithin the LRN. Note at depth 
4.0 mm in track b the stepwise change in latency with increasing 
st imulus strength. C and D are from another PN which could be 
act ivated at d i f ferent levels in the LRN at low threshold but not 
from a p osit ion just rostral  to the LRN. 
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4 mm caudal obex 2 mm caudal obex 2 mm rostral obex 
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F i g .  5 .  M a p p i n g  o f  t h e  m o n o s y n a p t i c  L R N  E P S P  i n  f o r e l i m b  
r n o t o n e u r o n e s .  A  a n d  B  i l l u s t r a t e  t h a t  t h e  l a r g e s t  L R N  E P S P  c o u l d  b e  
e v o k e d  f r o m  t h e  L R N  b u t  n o t  d o r s a l ,  m e d i a l  o r  r o s t r a l  t o  i t .  
2 .  E f f e c t s  i n  r n ot o n e u r o n e s  b y  d i r e c t  a c t i v a t i o n  o f  t h e  C 3 - C 4  P N s  i n  t h e  L R N  
E l e c t r i c a l  s t i m u l a t i o n  i n  t h e  L R N  e v o k e s  a  m o n o s y n a p t i c  E P S P  i n  
f o r e l i m b  r n o t o n e u r o n e s  w h i c h  p r e s u m a b l y  i s  m e d i a t e d  v i a  t h e  b i f u r c a t i n g  
a x o n s  o f  t h e  C 3 - C 4  P N s  ( l i i e r t  a n d  L u n d b e r g  1 9 7 8 ,  P a p e r s  I I  a n d  I I I ) .  
R e s u l t s  o f  s y s t e m a t i c  t r a c k i n g  i n  a n d  a r o u n d  t h e  L R N  a r e  i l l u s t r a t e d  i n  
F i g .  5 .  I n  o n e  m o t o n e u r o n e  ( A ) ,  l o n g i t u d i n a l l y  s p a c e d  t r a c k s  s h o w e d  t h a t  
t h e  l a r g e s t  E P S P  w a s  e v o k e d  f r o m  t h e  c a u d a l  p a r t  o f  t h e  L R N  a n d  t h a t  i t  
g r a d u a l l y  d i m i n i s h e d  r o s t r a l l y  a n d  w a s  v i r t u a l l y  g o n e  i n  a  p o s i t i o n  j u s t  
r o s t r a l  t o  t h e  n u c l e u s .  A  t r a n s v e r s e  t r a c k  ( B )  i n  t h e  c a u d a l  p a r t  o f  t h e  
L R N  r e v e a l e d  a  d r a m a t i c  d e c r e a s e  i n  s i z e  m e d i a l l y  a n d  d o r s a l l y .  I n  t r a c k  b ,  
F i g .  5  B ,  a  s m a l l  m o n o s y n a p t i c  E P S P  w a s  e l i c i t e d ,  w h i c h  h a s  a  s h o r t  l a t e n c y  
a n d  d u r a t i o n .  I t  i s  p r e s u m a b l y  m e d i a t e d  b y  f a s t  r e t i c u l o s p i n a l  f i b r e s  
( P e t e r s o n  e t  a l .  1 9 7 9 ) .  
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C. Comparison o f the project ion from th e C3-C4 PN s t o fast and slow 
motoneurones (Paper I I I )  
Tne next step in the analysis used the provisional assumption th at 
the LRN E PSP is mediated e xclusively via C3-C4 PNs and thus provides an 
indicator of the excitatory project ion from C3-C4 PNs to forel imb 
motoneurones. D irect st imulat ion of the C3-C4 PN s has the advantage that a 
comparison of both quanti tat ive and q ual i tat ive measurements can be m ade. 
In the case o f synaptic act ivat ion of the C3-C4 PN s by pyramidal vol leys, 
the synaptical ly evoked E PSPs in forel imb motoneurones are dependent on t he 
excitabi l i ty level in the intercalated neurones (see Sect ion C :  3 ) .  
Experiments (Paper I I I )  showed th at i t  is possible to evoke a maximal or 
>90 % maximal LRN E PSP from a single st imulus posit ion and that the LRN 
EPSP is not contaminated (due to st imulus escape) by another smaller 
monosynaptic EP SP from a medial  system (Peterson et al .  1979). 
1.  Correlat ion of the LRN E PSP ampli tude with motor u nit  type 
Three types of motor units with di f ferent mechanical and 
histochemical propert ies have been dist inguished (for review see Burke 
1981): the fast and eas i ly fat iguable (FF), the fast and f at igue resistant 
(FR) and the slow t ype (S). In motoneurones t he ampli tude of the homonymous 
group I  EPSP, the input resistance and afterhyperpolarizat ion (AHP) is 
posit ively correlated with motor unit  type in the order S > FR > FF (cf .  
Burke 1981). In order to investigate the LRN E PSP in relat ion to motor u nit  
type, a comparison wa s ma de with these parameters. 
Three di f ferent motoneurones innervat ing the shoulder muscle 
infraspinatus are i l lustrated in Fig. 6 A-C, D-F and G -I .  There appeared to 
be a c orrelat ion between the LRN E PSP and the homonymous group I  EPSP. Both 
were largest in motoneurones with long AHP durat ion (A-C). These 
relat ionships are f i rmly establ ished in the diagrams (Fig. 6 J-L) where the 
LRN E PSP ampli tude is plotted versus the homonymous group I  EPSP ampli tude , 
the AHP durat ion and th e input resistance, respect ively. A c le ar posit ive 
correlat ion was found between the LRN EP SP ampli tude and each of these 
parameters. 
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Fig. 6. Comparison o f the LRN E PSP amplitude with motor unit type. 
Three different motoneurones (A-C, D-F and 3-1) are shown for 
comparison of the LRN E PSP (A- G), homonymous group I  EPSP (B-H) and 
AHP duration (C-I). A po sit ive correlat ion for these parameters wa s 
obtained (I,K) and also for the input resistance (L). Fi l led symbols 
indicate slow moto neurones and open sym bols fast motoneurones. 
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2. Comparison of the LRN E PSP t ime course; subgroups o f PNs 
Figure 7 A ar id B show the growth of the LRN E PSP wit h increasing 
st imulus intensity in a f ast and a slow moto neurone, respect ively. At weak 
st imulus intensity (20 yA) .both EPSPs have about the same t ime- to-peak 
(Fig. 7 C),  but with strong st imulus intensity (200, 500 yA) the EPSP in 
the slow motoneurone (B) had a longer overal l  duration. In the bottom 
records in Fig. 7 B several small  humps can be seen in the r is ing phase. 
They m ight be m ediated by f i bres with di f ferent conduct ion veloci t ies, as 
suggested from the results in Paper I I  (cf.  l i iert  et al .  1978), where a 
wide range of conduct ion velocit ies was found f or the double p roject ing 
C3-C4 PNs . I t  was shown th at the relat ively longer EPSP durat ion in slow 
versus fast motoneurones is not caused by a ddit ional d i-  or polysynaptic 
EPSPs or by the presence of IPSPs undercutt ing the EPSP in fast 
motoneurones. A poss ible contr ibut ion of di f ferent membrane t ime constants 
in fast and slow mot oneurones cannot be ru led out (Burke 1968) but would 
certainly not explain the prolongation of the LRN EP SP wit h increasing 
st imulus strength (Fig. 7 C). An ana lysis of unitary LRN EPSPs suggested 
that there is no d i f ferential  soma-dendri t ic terminat ion of f ibres to fast 
and slow motoneu rones. In conjunct ion, the results strongly suggest that 
A Fast B Slow 
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Fig. 7. Time course of the LRN E PSP in fast and slow motoneurones. 
Comparison betw een t he fast (A) and slow (B) motoneurone revealed a 
considerably longer durat ion of the LR N E PSP in the latter at high 
st imulus strength (500 uA) but less so at weak intensity (20 yA). C 
shows mea surements of t ime-to-peak for the slow ( f i l led tr iangles) 
and fast (open tr iangles) motoneurone. Note the logari thmic 
ordi nate. 
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F i g .  8 .  C o m p a r i s o n  o f  t h e  d i s y n a p t i c  p y r a m i d a l  E P S P  a r i d  t h e  L R N  E P S P  
a m p l i t u d e s  i n  A .  T h e i r  a m p l i t u d e  r a t i o  i s  p l o t t e d  v e r s u s  t h e  
s e g m e n t a l  l a t e n c y  o f  t h e  d i s y n a p t i c  p y r a m i d a l  E P S P  s h o w i n g  a  c l e a r  
n e g a t i v e  c o r r e l a t i o n .  F i l l e d  a n d  o p e n  s y m b o l s  i n d i c a t e  s l o w  a n d  f a s t  
m o t o n e u r o n e s ,  r e s p e c t i v e l y .  H a l f - f i l l e d  s y m b o l s  a r e  u s e d  f o r  
u n c l a s s i f i e d  m o t o n e u r o n e s .  
t h e  L R N  E P S P  i s  c o m p o s e d  o f  m a n y  s m a l l  E P S P s  m e d i a t e d  b y  P N s  w i t h  d i f f e r e n t  
c o n d u c t i o n  v e l o c i t i e s  ( P a p e r  I I ) .  W i t h  w e a k  s t i m u l a t i o n  t h e  l a r g e s t  f i b r e s  
a r e  p r e d o m i n a n t l y  a c t i v a t e d ,  w h i l e  m o r e  s l o w l y  c o n d u c t i n g  f i b r e s  a r e  
a c t i v a t e d  w i t h  i n c r e a s i n g  s t r e n g t h  t h u s  g i v i n g  t h e  l o n g e r  L R N  E P S P  d u r a t i o n  
i n  s l o w  m o t o n e u r o n e s .  
I t  i s  p o s t u l a t e d  t h a t  f a s t  P N s  p r o j e c t  b o t h  t o  f a s t  a n d  s l o w  
m o t o n e u r o n e s ,  w h i l e  s l o w  P N s  p r o j e c t  p r e d o m i n a n t l y  t o  s l o w  m o t o n e u r o n e s .  
3 .  C o m p a r i s o n  o f  t h e  d i s y n a p t i c  p y r a m i d a l  E P S P  a n d  t h e  L R N  E P S P  
S i n c e  C 3 - C 4  P N s  w h i c h  p r o j e c t  b o t h  t o  t h e  L R N  a n d  t o  t h e  f o r e l i m b  
s e g m e n t s  a r e  e f f e c t i v e l y  a c t i v a t e d  b y  p y r a m i d a l  v o l l e y s ,  i t  w a s  s u g g e s t e d  
t h a t  t h e s e  c e l l s  m e d i a t e  d i s y n a p t i c  p y r a m i d a l  E P S P s  i n  f o r e l i m b  
m o t o n e u r o n e s  ( 1 1 1  e r t  a n d  L u n d b e r g  1 9 7 8 ) .  T h u s ,  i f  a l l  t h e  C 3 - C 4  P N s  w e r e  
a c t i v a t e d  b y  c o r t i c o s p i n a l  v o l l e y s ,  t h e  m o n o s y n a p t i c  L R N  a n d  d i s y n a p t i c  
p y r a m i d a l  E P S P s  w o u l d  b e  e x p e c t e d  t o  h a v e  t h e  s a m e  a m p l i t u d e .  A  d i r e c t  
c o m p a r i s o n  o f  t h e  d i s y n a p t i c  p y r a m i d a l  E P S P  a n d  t h e  L R N  E P S P  i s  s h o w n  i n  
F i g .  8  A .  T h e  s a m e  s i z e  w a s  o b s e r v e d  o n l y  i n  a  f e w  c a s e s ,  w h i l e  i n  t h e  
m a j o r i t y  o f  c e l l s  t h e  p y r a m i d a l  E P S P  w a s  s m a l l e r  t h a n  t h e  L R N  E P S P .  T h e  
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ampl i tude of  the disynapt ic pyramidal  EPSP is  dependent on the exci tabi l i ty  
level  in the C3-C4 PNs. Thus, the cases wi th a rat io of  the disynapt ic 
pyramdial  EPSP :  LRN E PSP less than 100 % might be exp lained by a reduced 
exci tabi l i ty  level  in the C3-C4 PN s. I f  so,  i t  might be expect ed th at  also 
the t ime to f i r ing in the C3-C4 PNs would be longer.  The relat ionship 
between the segmental  latency for  the disynapt ic pyramidal  EPSP was 
therefore plotted versus t he ampl i tude r at io disynapt ic pyramidal  EPSP :  
LRN EP SP as i l lustrated in Fig.  8 8.  A c lear negat ive correlat ion was 
obtained both for  fast  and s low motoneurones. I t  was proposed that  low 
exci tabi l i ty  might be du e t o inhibi t ion.  
A Pyr 20 0 |JÄ B 
If— — — IfJf-f-
0 Tect 70 E 
"•(""'M»'» 
G NR 100 H 
y*-
JLL -LU  
J RF 100 pA xl K x 2 L 
» 
» w 
U  
4 mV A-C 
2 mV D-L 
x 3 
•  1 •  
1 +  5  ms 
F ig.  9.  Disynapt ic inhibi t ion from higher centres evoked in PNs.^ 
Note the marked temporal  faci l i tat ion with increasing number o f  
vo l leys.  Abbreviat ions:  pyramid -  Pyr;  tectum -  lect ;  nucleus ruber 
-  MR an d r et icular format ion -  RF. 
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D. Inhibi tory control  of  C3-C4 P Ns f rom desc ending pat hways and for el imb 
af ferents (Paper IV) 
In a previous study ( l i ier t  et  al .  1978) intracel lu lar  recordings 
f rom C3-C4 P Ns revealed t hat  they receive monosynapt ic exci tat ion from the 
cort ico-3  rubro-,  tecto- and re t iculospinal  t racts and f rom low th reshold 
muscle and cutaneous forel imb af ferents.  I t  was a lso found that  these 
systems could inhibi t  the C3-C4 PN s ( l i iert  et  a l .  1975, Lundberg 1979).  
The d i f ferent inhibi tory pathways control l ing the C3-C4 PN s have now been 
analysed sy stemat ical ly .  
A Tect 85 pA B Pyr 100 Tect + Pyr 
D RF 100 E Pyr 100 F RF +Pyr 
NR 60 H Pyr 160 I 
n, „ i  |! 
NR + Pyr 
2  m V  | + 5  m s  ( w î Y m r p r f p w w  
Fig.  10. Convergence f rom descending t racts onto the inhib i tory 
interneurones mediat ing the disynapt ic inhibi t ion in C3-C4 P Ns. The 
t e s t i n g  p y r a m i d a l  s t i m u l a t i o n  (  B  ,  E  ,  H )  a n d  t h e  r e s p e c t i v e  
condi t ioning st imul i  (A,D,G) gave v i r tual ly no in hibi t ion,  whi le 
combining the two (C,F,I)  revealed a ma rked i nhibi t ion.  
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1. Inhibit ion from descending path ways 
Figure 9 shows examples o f disynaptic IPSPs in different C3-C4 PN s 
evoked from the cort icospinal (A-C), tectospinal (D-F), rubrospinal (G-I) 
and ret iculospinal (J-L) tracts. Note th at a train of st imuli  was required 
to evoke t he disynaptic IPSP. Usually, the third vol ley was the effective 
one. A m onosynaptic EP SP wa s evoked by each s t imulus confirming the earl ier 
work by 111 ert et al.  (1978). 
After a cort icospinal transection at C2, s t imulation of the pyramid 
only occasionally evoked dis ynaptic IPSPs in the C3-C4 PNs . These IPS Ps had 
much s maller amplitudes than those obtained before the lesion. The f indings 
suggest the existence of two i nhibitory cort ico-propriospinal pathways; one 
via medul lary ret iculospinal neurones (111ert et al.  1981) and another via 
spinal inhibitory interneurones. Because of the pronounced decre ase i n IPSP 
amplitude after the C2 transection, i t  is suggested th at the inhibitory 
pathway via spinal inhibitory interneurones is quanti tat ively much more 
effective. Since the latencies of the pyramidal IPSPs are so b rief, i t  is 
postulated that the spinal inhibitory interneurones are not located in the 
forel imb segments but rather local ly in the C3-C4 segme nts. 
The p ossibi l i ty that the descending syst ems converge onto the same 
inhibitory interneurones was also invest igated (Fig. 10). Pyramidal 
st imulation was used as a t est (B,E,H) and adjuste d in strength to give no 
or a very small disynaptic IPSP in the PNs. A pronounced spatial 
faci l i tat ion was el ic i ted from th e tectospinal (A,C), ret iculospinal (D,F) 
and rubrospinal (G,I) f ibres. I t  was therefore postulated that the 
inhibitory systems with descending convergence gi ve feed-forward inhibit ion 
of the C3-C4 PNs . 
2. Inhibit ion from forel imb afferents 
The disynaptic IPSPs evoked from cutaneous afferents were often 
evoked by a single stimulus (Fig. 11 A-C) and did not change with 
repeti t ive st imulation. By contrast, disynaptic IPSPs produced by muscle 
afferents often required a t rain of st imuli  (Fig. 11 D-F) and sh owed m arked 
temporal faci l i tat ion. 
Convergence on th e inhibitory interneurones was demonstrated for 
muscle (Tri) and cutane ous afferents (SR) (Fig. 11 G-I) and betwe en a mixed 
nerve (median; Hed) and the pyramid (Fig. 11 J-L). However, i t  was a 
consistent f inding that faci l i tat ion from the nerves of the disynaptic IPSP 
evoked from tectum and nucleus ruber was only very weak or lacking. For 
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Fig.  11. A-F, d isynapt ic inhibi t ion from forel imb af ferents evoked 
in PNs. In A-C is  i l lustrated a strong l inkage from a cutaneous 
nerve (superf ic ia l  radial  -  SR) which gave almost no temporal  
fac i l i tat ion,  whi le in D-F st imulat ion of  a musc le nerve ( t r iceps -
Tr i )  revealed a c lear temporal  fac i l i tat ion.  Convergence between SR 
and Tr i  is  presented in G-I  and be tween the mixed nerve (median -
Med) and the pyramid in J-L.  However,  no c lear faci l i ta t ion was 
obtained of  the tectal  IPSP f rom M ed (M-0) which wa s recorded from 
the same PN as in J-L.  See te xt.  
comparison, the ef fect  f rom the mixed nerve (Med) was tested both for  the 
disynapt ic IPSP evoked from the pyramid ( Fig.  11 J-L) and tectum ( Fig.  11 
M-0) in the same PN. Because of  the convergence pat tern,  i t  was p ostulated 
that  the disynapt ic inhibi t ion from forel imb af ferents is mediated by a 
specia l  system of  inhibi tory interneurones and prov ides feed-back 
inhibi t ion of the C3-C4 PNs. However,  even though these inhib i tory 
interneurones are strongly act ivated by impuls es f rom forel imb af ferents,  
they are also under so me desce nding control  f rom co rt icospinal  f ibres.  
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E .  E M G  a c t i v i t y  i n  f a s t  a n d  s l o w  e l b o w  e x t e n s o r s  d u r i n g  t a r g e t  r e a c h i n g  
( P a p e r  V )  
I t  w a s  s h o w n  b y  1 1 1  e r t  e t  a l .  ( 1 9 7 6 )  a n d  a l s o  i n  P a p e r  I I  t h a t  f a s t  
t r i c e p s  i n o t o n e u r o n e s  r e c e i v e  p r e d o m i n a n t l y  p y r a m i d a l  e x c i t a t i o n ,  w h i l e  s l o w  
t r i c e p s  m o t o n e u r o n e s  r e c e i v e  m a i n l y  m i x e d  e x c i  t  a t  i  o n - i n h i  b i  t  i  o n  o r  
d o m i n a t i n g  i n h i b i t i o n .  I t  w a s  t h e r e f o r e  o f  i n t e r e s t  t o  s t u d y  i f  d i f f e r e n c e s  
e x i s t  i n  t h e  a c t i v a t i o n  p a t t e r n  b e t w e e n  t h e  f a s t  l a t e r a l  h e a d  ( L a T )  a n d  t h e  
s l o w  m e d i a l  h e a d  ( M e T )  o f  t r i c e p s  ( C o l l a t o s  e t  a l .  1 9 7 7 ) .  
i mV i i i i—i 
0 ms 400 
F i g .  1 2 .  E M G  a c t i v i t y  r e c o r d e d  f r o m  e l b o w  e x t e n s o r s  ( L a T  a n d  M e T )  
a n d  a n  e l b o w  f l e x o r  ( C B )  d u r i n g  t a r g e t - r e a c h i n g .  T h e  u s u a l  
d i f f e r e n t i a l  a c t i v i t y  p a t t e r n  i n  L a T  a n d  M e T  i s  s h o w n  i n  A .  L a b e l l e d  
a r r o w s  r e f e r  t o  t h e  p i c t u r e s  a b o v e .  L e s s  c o m m o n  p a t t e r n s  o f  E M G  
a c t i v i t y  a r e  i l l u s t r a t e d  i n  B - D .  S e e  t e x t .  
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T h e  m o s t  f r e q u e n t l y  o b s e r v e d  p a t t e r n  o f  E M G  a c t i v i t y  i s  s h o w n  i n  
F i g .  1 2  A .  D u r i n g  q u i e t  s t a n d i n g  M eT  w a s  t o n i c a l l y  a c t i v e  w h i l e  L a T  w a s  
c o m p l e t e l y  i n a c t i v e .  J u s t  b e f o r e  l i m b  l i f t i n g ,  t h e  a c t i v i t y  i n  M e T  
d e c r e a s e d ,  w h i l e  a n  i n t e n s e  b u r s t  o f  a c t i v i t y  a p p e a r e d  i n  L a T .  T h e  a c t i v i t y  
i n  L a T  s t o p p e d  a b r u p t l y  u p o n  a c t i v a t i o n  o f  t h e  e l b o w  f l e x o r  
c l e i d o b r a c h i a l i s  ( C B )  b u t  r e c u r r e d  w h e n  t h e  l i m b  h a d  r e a c h e d  t h e  t u b e  l e v e l  
a n d  s t a r t e d  t o  p r o t r a c t  t o w a r d  t h e  t u b e  o p e n i n g .  A l m o s t  n o  a c t i v i t y  w a s  
o b s e r v e d  i n  M e T  d u r i n g  t h e  e n t i r e  t a r g e t - r e a c h i n g  m o v e m e n t .  H o w e v e r ,  w h i l e  
t h e  p a t t e r n  f o r  t h e  f a s t  L a T  s e e m e d  t o  b e  f i x e d ,  s e v e r a l  v a r i a t i o n s  w e r e  
o b s e r v e d  f o r  t h e  s l o w  M e T  a s  i l l u s t r a t e d  i n  F i g .  1 2  B - D .  I n  B ,  t h e  a c t i v i t y  
i n  M e T  d i d  n o t  c e a s e  p r i o r  t o  l i f t i n g  b u t  w a s  i n s t e a d  p r e s e n t  i n  p a r a l l e l  
w i t h  L a T .  F i g u r e  1 2  C  s h o w s  a  s e c o n d  p e r i o d  o f  a c t i v i t y  i n  M e T  d u r i n g  t h e  
p r o t r a c t i v e  p h a s e  a n d  i n  0 ,  a  p a r a l l e l  a c t i v i t y  i n  M eT  a n d  L a T  j u s t  b e f o r e  
l i f t i n g  a n d  d u r i n g  p r o t r a c t i o n .  I t  i s  n o t  k n o w n  w h e t h e r  t h e s e  l e s s  c om m o n  
p a t t e r n s  i n  M eT  r e p r e s e n t  a c t i v i t y  i n  s l o w  m o t o r  u n i t s  o r  i n  s o m e  o f  t h e  
f e w  f a s t  m o t o r  u n i t s .  I n  s o m e  c a s e s  t h e  c a t  f a i l e d  t o  i n s e r t  t h e  f o r e p a w  i n  
o n e  s w i f t  m o v e m e n t  b u t  m a d e  s e v e r a l  p r o t r a c t i n g  m o v e m e n t s  o u t s i d e  t h e  t u b e  
o p e n i n g .  R e p e a t e d  s e q u e n c e s  o f  a c t i v i t y  t h e n  o c c u r r e d  b o t h  i n  L a T  a n d  M e T  
w h i c h  a p p e a r e d  t o  b e  t i m e - l o c k e d  t o  e a c h  n e w  p r o t r a c t i o n  o f  t h e  f o r e p a w  
t o w a r d  t h e  t u b e  ( A l s t e r m a r k  a n d  S a s a k i ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .  
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G E N E R A L  D I S C U S S I O N  
1 .  F u n c t i o n a l  a s p e c t s  o f  n e u r o n a l  o r g a n i z a t i o n  
T h e  C 3 - C 4  P N s  a r e  c h a r a c t e r i z e d  b y  e x t e n s i v e  p r o j e c t i o n  f r o m  
d e s c e n d i n g  t r a c t s  ( c o r t i c o - ,  r u b r o - ,  t e c t o - ,  a n d  r e t i c u l o s p i n a l )  a n d  f r o m  
l o w  t h r e s h o l d  c u t a n e o u s  a n d  m u s c l e  a f f e r e n t s  f r o m  t h e  f o r e l i m b  ( l i i e r t  e t  
a l .  1 9 7 8 ) .  H o w e v e r ,  t h e y  d o  n o t  s e e m  t o  r e c e i v e  p r o j e c t i o n  f r o m  
v e s t i b u l o s p i n a l  f i b r e s  o r  f r o m  n e c k  a f f e r e n t s  ( A l s t e r m a r k ,  L u n d b e r g  a n d  
S a s a k i ,  u n p u b l i s h e d  o b s e r v a t i o n s ) .  I t  w a s  p o s t u l a t e d  e a r l i e r  t h a t  
c o n v e r g e n c e  f r o m  s u p r a s p i n a l  m o t o r  c e n t r e s  a n d  f o r e l i m b  a f f e r e n t s  a t  _ a  
p r e - m o t o n e u r o n a l  l e v e l  i s  a d v a n t a g e o u s ,  s i n c e  i t  a l l o w s  f o r  a n  i d e p e n d e n t  
c o n t r o l  w i t h o u t  i n t e r f e r r i n g  w i t h  o t h e r  p a t h w a y s  a c t i n g  o n  t h e  m o t o n e u r o n e s  
( I l l e r t  e t  a l .  1 9 7 7 ) .  T h i s  i d e a  o r i g i n a t e s  f r o m  S h e r r i n g t o n  ( 1 9 0 6 )  w h o  
d i s c u s s e d  t h e  i n t e r n u n c i a l  p a t h w a y  a l s o  a s  a  c o m m o n  p a t h w a y  a n d  o n l y  u s e d  
t h e  t e r m  " f i n a l  c o m m o n  p a t h w a y "  f o r  m o t o n e u r o n e s  i n  t h e  s e n s e  t h a t  i t  
r e p r e s e n t e d  t h e  " h i g h e s t  d e g r e e  o f  c o m m u n i s m " .  
T h e  m a j o r  p o i n t  o f  t h e  i n v e s t i g a t i o n  i n  P a p e r  I  w a s  t o  s t u d y  i f  a  
d e s c e n d i n g  c o m m a n d  f o r  a  v o l u n t a r y  m o v e m e n t  c a n  b e  r e l a y e d  i n  t h e  C 3 - C 4  
s e g m e n t s .  T h e  m o s t  r e l e v a n t  l e s i o n s  a r e  t h o s e  m a d e  i n  t h e  D L F  a t  t h e  C 2 / C 3  
a n d  t h e  C 5 / C 6  l e v e l s .  T h e  f o o d - t a k i n g  m o v e m e n t  w a s  a b s e n t  a f t e r  b o t h  
l e s i o n s ,  w h i l e  t a r g e t  r e a c h i n g  w a s  s e v e r e l y  i m p a i r e d  a f t e r  t h e  f o r m e r  
l e s i o n  b u t  e x e c u t e d  n o r m a l l y  a f t e r  t h e  l a t t e r  l e s i o n .  T h e  r e s u l t s  s u g g e s t  
t h a t  a  d e s c e n d i n g  c o m m a n d  f o r  t a r g e t  r e a c h i n g  c a n  b e  m e d i a t e d  b y  t h e  C 3 - C 4  
P N s .  T h i s  i s  t h e  f i r s t  i n t e r n e u r o n a l  s y s t e m  i n  t h e  s p i n a l  c o r d  t o  w h i c h  a  
c o n r n a n d - m e d i a t i n g  f u n c t i o n  h a s  b e e n  l i n k e d .  A c c o r d i n g l y ,  t h e  C 3 - C 4  P N s  
p r o v i d e  a n  i n t e r e s t i n g  m o d e l  f o r  c o r r e l a t i o n  o f  n e u r o n a l  o r g a n i z a t i o n  a n d  
f u n c t i o n .  O n e  o f  t h e  i n t e r e s t i n g  f e a t u r e s  o f  t h e  C 3 - C 4  P N s  i s  t h e  b r o a d  
c o n v e r g e n c e  f r o m  d e s c e n d i n g  t r a c t s  a n d  f o r e l i m b  a f f e r e n t s .  I t  w a s  p r o p o s e d  
t h a t  s o m e  o f  t h e  c o n v e r g e n t  s y s t e m s  m a y  f u n c t i o n  t o  " u p - d a t e "  t h e  
d e s c e n d i n g  c o m m a n d  a t  a  p r e - m o t o n e u r o n a l  l e v e l  ( I l l e r t  e t  a l .  1 9 7 7 ) .  I t  i s  
n o w  d e s i r a b l e  t o  t e s t  t h i s  h y p o t h e s i s  i n  b e h a v i o u r a l  e x p e r i m e n t s .  F o r  
e x a m p l e ,  c a t s  h a v e  b e e n  t r a i n e d  t o  e x e c u t e  t a r g e t  r e a c h i n g  t o  o n e  o f  
s e v e r a l  t u b e s ,  D u r i n g  a n  o n g o i n g  m o v e m e n t  t h e y  c a n  u s e  a  v i s u a l  c u e  t o  m a k e  
a  r a p i d  c h a n g e  o f  t h e  t r a j e c t o r y  t o  a n o t h e r  t u b e  ( A l s t e r m a r k ,  G o r s k a ,  
J o h a n n i s s o n  a n d  L u n d b e r g ,  u n p u b l i s h e d ) .  T h i s  t e s t  m a y  b e  u s e d  t o  
i n v e s t i g a t e  t h e  r o l e  o f  t e c t o s p i n a l  c o n t r o l  o f  t h e  C 3 - C 4  P N s .  
T h e  f o o d - t a k i n g  m o v e m e n t  d i s a p p e a r e d  a f t e r  a  c o m p l e t e  t r a n s e c t i o n  
o f  t h e  c o r t i c o -  a n d  r u b r o s p i n a l  t r a c t s  a t  C 5 / C 6  w h i c h  s h o w s  t h a t  t h i s  
m o v e m e n t  i s  n o t  p r i m a r i l y  g o v e r n e d  b y  C 3 - C 4  P N s  b u t  b y  i n t e r n e u r o n a l  
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systems in the forel imb segments. Even af ter a complete t ransect ion of the 
cort ico- and rub rospinal t racts at C5/C6, some recovery of the food-taking 
movement occurred 4-6 weeks postoperat ively. I t  is'  l ikely that the main 
control  of the food-taking movement is exerted by c ort icospinal f ibres, but 
rubrospinal and to some ex tent ret iculospinal f ibres may a lso contr ibute. A 
much earl ier and more complete recovery appeared in one c at in which a 
substant ial  part  (60 % ) of the rubrospinal f ibres was spared. This f inding 
has been conf i rmed in several other cats with incomplete rubrospinal 
lesions (Alstermark, Gorska, Johannisson and Lundberg, unpubl ished). I t  was 
str ik ing that the onset of recovery for both grasping and supinat ion 
started at the same t ime and th at both components appeared toge ther in one 
sequence indicat ing a common c ontrol ,  which was ascribed to reticulospinal 
f ibres. 
Gorska and Sybirska (1980) found t hat the food-taking movement wa s 
absent not only after a pyramidal t ransection at the level of the trapezoid 
body but also after a lesion in the red nucleus (Sybirska and G orska 1980). 
Since the same t ests and training procedures were used both in their  
studies and in Paper I ,  i t  is puzzl ing why in the former case n either the 
rubro- nor the cort icospinal t ract could compensate for the loss of the 
other,  whi le in the lat ter study a mar ked recovery wa s found even with a 
part ly lesioned rubrospinal t ract.  
The target-reaching movement was always precede d or accompanied by 
an o r ienting head mo vement. How ever, the C3-C4 PN s do not inf luence neck 
motoneurones, which are instead strongly control led by medul lary 
ret iculospinal neurones (Alstermark et al .  1983). Thus, the di f ferent 
components of the overal l  movement appear to be c ontrol led by di f ferent 
neuronal c ircuitr ies: head o r ientat ion via reticulospinal neurones, target 
reaching via C3-C4 PNs and food-taking via segmental interneurones. How, 
then, does the central  nervous system coordinate the movement? One 
possibi l i ty could be that the same cort icofugal f ibres control  these 
funct ional ly dif ferent ci rcuits by col lateral  act ion. I l lert  et al .  (1977) 
showed t hat col laterals to C3-C4 PN s are given off  from cort ico- and 
rubrospinal f ibres project ing down t o the forel imb segments. Furthermore, 
i t  seems l ikely that the cort  i  coret i  eu 1 ar f ibres, act ivat ing the 
ret iculospinal neurones to neck m otoneurones, are also col laterals from 
cort icospinal f ibres (Alstermark et al .  1983). However, such a simple mod el 
with a co mmon co mmand sign al is unsat isfactory, since i t  does not easi ly 
al low for the sequential  movement pattern with a hign degree of 
independence o f the three components. 
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2 .  C o m p a r i s o n  w i t h  o t h e r  p r o p r i o s p i n a l  s y s t e m s  
F r o m  a  f u n c t i o n a l  p o i n t  o f  v i e w ,  i t  i s  o f  i n t e r e s t  t o  c o m p a r e  
d i f f e r e n t  p r o p r i o s p i n a l  s y s t e m s .  S h o r t  P N s  l o c a t e d  i n  t h e  L 3 - L 6  s e g m e n t s  
p r o j e c t i n g  t o  l o w e r  l u m b a r  s e g m e n t s  h a v e  b e e n  i d e n t i f i e d  ( V a s i l e n k o  e t  a l .  
1 9 7 2 ) .  P o s s i b l y ,  s o m e  o f  t h e m  r e c e i v e  m o n o s y n a p t i c  c o r t i c o -  a n d  r u b r o s p i n a l  
e x c i t a t i o n ,  b u t  i n  m o s t ,  a  t e m p o r a l  f a c i l i t a t i o n  w a s  f o u n d  i n d i c a t i n g  t h a t  
i n t e r c a l a t e d  n e u r o n e s  m e d i a t e  t h e  e f f e c t .  K o z h a n o v  a n d  S h a p o v a l o v  ( 1 9 7 7  )  
r e c o r d e d  f r o m  L 3 - L 4  d e s c e n d i n g  P N s  a n d  f o u n d  m o n o s y n a p t i c  e x c i t a t i o n  f r o m  
v e s t i b u l o -  a n d  r e t i c u l o s p i n a l  f i b r e s  b u t  n o t  f r o m  c o r t i c o s p i n a l  f i b r e s .  
P r e s u m a b l y ,  t h e  l u m b a r  P N s  a r e  n o t  f u n c t i o n a l l y  e q u i v a l e n t  t o  t h e  C 3 - C 4  
P N s .  H o w e v e r ,  K o z h a n o v  a n d  S h a p o v a l o v  ( 1 9 7 7 )  a l s o  r e c o r d e d  f r o m  s h o r t  P N s  
i n  L 3 - L 4  s e g m e n t s  i n  m o n k e y s  a n d  f o u n d  t h e r e  m o n o s y n a p t i c  c o r t i c o s p i n a l  
e x c i t a t i o n .  T h i s  c o n n e x i o n  m i g h t  h a v e  e v o l v e d  t o  s u b s e r v e  a n  i n c r e a s e d  
m o t o r  r e p e r t o i r e  i n  t h e  h i n d l i m b s .  
R e c e n t  e x p e r i m e n t s  h a v e  c o n f i r m e d  t h e  e x i s t e n c e  o f  l o n g  P N s  i n  t h e  
C 3 - C 4  s e g m e n t s  ( I l l e r t  e t  a l .  1 9 7 8 ,  A l s t e r m a r k ,  L u n d b e r g ,  P i n t e r  a n d  
S a s a k i ,  u n p u b l i s h e d ) .  T h e y  a r e  l o c a t e d  i n  l a m i n a e  V I I - V I I I  a n d  p r o j e c t  
i p s i l a t e r a l l y  o r  c o n t r a ! a t e r a l l y  ( a f t e r  c e r v i c a l  c r o s s i n g )  d o w n  t o  l u m b a r  
s e g m e n t s .  I n  a d d i t i o n  t o  m o n o s y n a p t i c  e x c i t a t i o n  f r o m  c o r t i c o - ,  r u b r o - ,  
t e c t o -  a n d  r e t i c u l o s p i n a l  i n p u t s ,  w h i c h  t h e y  h a v e  i n  c o m m o n  w i t h  t h e  s h o r t  
C 3 - C 4  P N s ,  t h e y  a r e  a l s o  m o n o s y n a p t i c a l l y  e x c i t e d  f r o m  t h e  m e d i a l  a n d  
l a t e r a l  v e s t i b u l a r  n u c l e i .  I t  i s  t e n t a t i v e l y  p r o p o s e d  t h a t  t h e  l o n g  C 3 - C 4  
P N s  m a y  p r o d u c e  p o s t u r a l  a d j u s t m e n t s  i n  t h e  h i n d l i m b s  d u r i n g  a  
t a r g e t - r e a c h i n g  m o v e m e n t  b y  a  p a r a l l e l  c o m m a n d  f r o m  t h e  m o t o r  c e n t r e s  
g o v e r n i n g  t h e  s h o r t  C 3 - C 4  P N s .  
O t h e r  P N s ,  a l s o  u n d e r  s u p r a s p i n a l  c o n t r o l  ( S k i n n e r  a n d  R e m m e l  
1 9 8 0 ) ,  t a k e  o r i g i n  i n  t h e  f o r e l i m b  s e g m e n t s ,  a n d  s o m e  h a v e  m o n o s y n a p t i c  a n d  
d i s y n a p t i c  c o n n e x i o n s  w i t h  h i n d l i m b  m o t o n e u r o n e s  ( J a n k o w s k a  e t  a l .  1 9 7 4 ,  
1 9 8 3 ) .  I t  w a s  a l s o  s h o w n  t h a t  l o n g  f o r e l i m b  P N s  a r e  e f f e c t i v e l y  a c t i v a t e d  
b y  f o r e l i m b  a f f e r e n t s  ( S c h o m b u r g  e t  a l .  1 9 7 8 ) ,  a  f e a t u r e  n o t  f o u n d  i n  t h e  
C 3 - C 4  P N s  ( I l l e r t  e t  a l .  1 9 7 8 ) .  S i m i l a r l y ,  l o n g  a s c e n d i n g  P N s  f r o m  l u m b a r  
s e g m e n t s  a c t i v a t e d  b y  h i n d l i m b  a f f e r e n t s  e v o k e  e f f e c t s  i n  f o r e l i m b  
m o t o n e u r o n e s  ( M i l l e r  e t  a l .  1 9 7 3 ) .  T h e s e  l o n g  d e s c e n d i n g  a n d  a s c e n d i n g  P N s  
f r o m  t h e  l i m b  s e g m e n t s  a r e  c o n s i d e r e d  t o  r e g u l a t e  i n t e r l i m b  c o - o r d i n a t i o n  
d u r i n g  r h y t h m i c  a c t i v i t y  a s  w a s  f i r s t  d e s c r i b e d  b y  S h e r r i n g t o n  a n d  L a s  l e t t  
( 1 9 0 3 )  i n  t h e  s c r a t c h  r e f l e x .  
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3 .  T h e  i n f o r m a t i o n  t o  t h e  L R N  f r o m  t h e  C 3 - C 4  P N s  
T h e  L R N  r e c e i v e s  v i a  t h e  a s c e n d i n g  a x o n  c o l l a t e r a l  f r o m  t h e  C 3 - C 4  
P N s  a n  " e f f e r e n t  c o p y "  o f  t h e  a c t i v i t y  w h i c h  r e a c h e s  t h e  m o t o n e u r o n e s .  
I l l  e r t  a n d  L u n d b e r g  ( 1 9 7 8 )  p r o p o s e d  t h a t  t h i s  f e e d - b a c k  i n f o r m a t i o n  m a y  
a l l o w  t h e  c e r e b e l l u m  t o  p r o d u c e  f a s t  c o r r e c t i o n s  o f  t h e  a c t i v i t y  i n  t h e  
C 3 - C 4  P N s  ( l i i e r t  e t  a l .  1 9 7 7 ) .  I t  i s  n o t  k n o w n  h o w  t h i s  a s c e n d i n g  
i n f o r m a t i o n  i s  p r o c e s s e d  i n  L R N  o r  t h e  c e r e b e l l u m ,  b u t  i t  i s  n o t e w o r t h y  
t h a t  a  C 2 / C 3  V L F  t r a n s e c t i o n  i n t e r r u p t i n g  t h e  a s c e n d i n g  c o l l a t e r a l  t o  t h e  
L R N  g a v e  n o  d e f i c i t  i n  t a r g e t  r e a c h i n g  ( P a p e r  I ) .  A  n e g a t i v e  f i n d i n g  l i k e  
t h i s  i s  n o t  c o n c l u s i v e ,  a n d  a  d e t a i l e d  a n a l y s i s  m i g h t  b e  r e q u i r e d  t o  d e t e c t  
m i n o r  c h a n g e s  i n  t h e  m o v e m e n t .  H o w e v e r ,  o n e  p o s s i b i l i t y  c o u l d  b e  t h a t  t h e  
a s c e n d i n g  i n f o r m a t i o n  i s  n e e d e d  p r i m a r i l y  d u r i n g  l e a r n i n g  a n d  t h a t  h i g h l y  
t r a i n e d  a n i m a l s  c a n  p e r f o r i n  w i t h o u t  c e r e b e l l a r  f e e d - b a c k  c o r r e c t i o n s .  
I t  i s  o f  i n t e r e s t  t o  c o m p a r e  a s c e n d i n g  c o n n e x i o n s  f r o m  d i f f e r e n t  
s p i n a l  m o t o r  c e n t r e s  t o  t h e  c e r e b e l l u m .  F i g u r e  1 3  A  s h o w s  h o w  t h e  
l a s t - o r d e r  i n t e r n e u r o n e  v i a  a  s h o r t  c o l l a t e r a l  m a y  i n f l u e n c e  a n  a s c e n d i n g  
n e u r o n e  p r o j e c t i n g  d i r e c t l y  t o  t h e  c e r e b e l l u m .  S u c h  c o n n e x i o n  h a s  b e e n  
a sc. asc. 
F i g .  1 3 .  T w o  m o d e s  o f  c o n n e x i o n s  w h i c h  a l l o w  a s c e n d i n g  p a t h w a y s  t o  
c o n v e y  i n f o r m a t i o n  a b o u t  i n t r i n s i c  s p i n a l  a c t i v i t y ,  i n  t h e  c a s e  
i l l u s t r a t e d  f r o m  l a s t - o r d e r  i n t e r n e u r o n e s  p r o j e c t i n g  d i r e c t l y  t o  
m o t o n e u r o n e s  ( M ) .  
26 
proven for the la inhibitory interneurones to the ventral  spinocerebellar 
t ract neurones (VSCT; Gustafsson and Lindström 1973). A detai led 
invest igat ion of input patterns to VSCT neurones have suggested a h ighly 
complex organizat ion, indicat ing the existence of a mult i tude of VSCT 
neurones receiving input from ma ny di f ferent interneuronal systems also 
project ing to motoneurones (Lundberg and Weight 1971). The a l ternat ive in B 
is represented by the C3-C4 PN s with a lo ng ascending c ol lateral  to the LRN 
which in turn projects to the cerebel lum. I t  can be argued whethe r or not 
these two examples (A,B) in fact represent pr incipal ly di f ferent ways for 
conveying ascending i nformation, since in case B the ascending c ol laterals 
from the C3-C4 PN s also contact a relay neurone which p rojects d irect ly to 
the cerebel lum. The relevant comparison might instead be betw een the LRN 
and VS CT neurones. I t  cannot be excluded th at integrat ion in the LRN is as 
complex as i n the VSCT. In fact,  i t  has been point ed out that the bVFRT-LRN 
neurones have several propert ies in common wit h the VSCT system (Cl endenin 
et al .  1974). A funct ional simi lar i ty is also indicated by th e rhythmic 
act iv i ty observed both in VSCT and bVFRT-LRN neurones during f ict i t ious 
scratching (Arshavsky et a l .  1978a,b).  
4.  Possible mechanisms for ataxia 
After the C5/C6 VLF tr ansect ion, the cats could l i f t  and p rotract 
the l imb but could not guide th e forepaw accurately to the target.  Instead, 
ataxic movements appeared befo re the animal succeeded to insert the forepaw 
into the tube. Since no ataxia was observed a fter a C2/ C3 V LF t ransect ion, 
i t  was suggested th at the ataxic movements were cause d by the interrupt ion 
of the C3-C4 PN axons. However, i t  would be desirable to repeat the 
experiments with more restr icted C5/C6 VLF le sions. With t ime, the ataxia 
decreased both in ampli tude and frequency of occurrence but could easi ly be 
made t o reappear by changing the target posit ion. No complet e recovery 
during the ent ire postoperat ive period (5.5-9 months) was found. The ataxia 
did not resemble th e type observed by Gi lr nan et a l .  (1976) after cerebel lar 
ablat ion or deafferentat ion which had a higher frequency and occurred 
during the whole mov ement. 
The mec hanism fo r the ataxia is unknown but two p ossibi l i t ies wi l l  
be considered. In Paper I I I  i t  was found t hat the project ion of C3-C4 P Ns 
was correlated with motor unit  type and suggested that two special  
subgroups of PNs project to slow motone urones. I t  was also proposed th at 
these subgro ups might be of part icular importance in control l ing precise 
posit ioning during aiming. I f  so, the explanation for the ataxia after the 
2 7  
C 5 / C 5  V L F  l e s i o n  m i g h t  b e  f a u l t y  r e c r u i t m e n t  o f  m o t o r  u n i t  t y p e s  d u r i n g  
a i m i n g .  F o r  e x a m p l e ,  w h e n  o n l y  s m a l l  a d j u s t m e n t s  i n  f o r c e  a r e  n e e d e d ,  s o m e  
l a r g e  t e n s i o n ,  f a s t  u n i t s  m i g h t  b e  e r r o n e o u s l y  a c t i v a t e d  c a u s i n g  a t a x i c  
m o v e m e n t s .  
I n  t h e  d i s c u s s i o n  o f  P a p e r  I  i t  w a s  p r o p o s e d  t h a t  a f t e r  t h e  C 5 / C 6  
V L F  t r a n s e c t i o n ,  t h e  C 3 - C 4  P N s  m i g h t  b e  p r o t e c t e d  f r o m  d e g e n e r a t i o n  b e c a u s e  
o f  t h e  i n t a c t  a s c e n d i n g  c o l l a t e r a l  t o  L R N  ( B r o d a i  1 9 8 1  a n d  P a p e r  I ) .  A s  a  
c o n s e q u e n c e ,  t h e  c e r e b e l l u m  s t i l l  r e c e i v e s  f e e d - b a c k  i n f o r m a t i o n  a b o u t  t h e  
a c t i v i t y  i n  t h e  C 3 - C 4  P N s  e v e n  i f  t h e y  d o  n o t  i n f l u e n c e  t h e  f o r e l i m b  
m o  t  on e u r o n e s  .  O n e  p o s s i b i l i t y  c o u l d  b e  t h a t  t h i s  m i s m a t c h  i n  
a f f e r e n t - e f f e r e n t  i n f o r m a t i o n  m i g h t  l e a d  t h e  c e r e b e l l u m  t o  p r o d u c e  
e r r o n e o u s  c o r r e c t i o n s  w h i c h  a p p e a r  a s  a t a x i a .  T h i s  h y p o t h e s i s  i s  t e s t a b l e  
s i n c e  t r a n s e c t i o n  o f  t h e  a s c e n d i n g  c o l l a t e r a l s  w o u l d  r e m o v e  t h e  f a l s e  
f e e d - b a c k  i n f o r m a t i o n .  
5 .  F e e d - f o r w a r d  i n h i b i t i o n  
I n  P a p e r  I V  i t  w a s  s h o w n  t h a t  e a c h  o f  t h e  d e s c e n d i n g  s y s t e m s  g i v i n g  
m o n o s y n a p t i c  e x c i t a t i o n  i n  C 3 - C 4  P N s  ( 1 1 1 e r t  e t  a l .  1 9 7 5 ,  1 9 7 8 )  a l s o  e v o k e  
d i s y n a p t i c  i n h i b i t i o n .  S p a t i a l  f a c i l i t a t i o n  o f  t h e  d i s y n a p t i c  I P S P  i n  C 3 - C 4  
P N s  s h o w e d  s i m i l a r  c o n v e r g e n c e  f r o m  d e s c e n d i n g  f i b r e s  o n t o  t h e  i n h i b i t o r y  
i n t e r n e u r o n e s  a s  f o r  t h e  C 3 - C 4  P N s .  B e c a u s e  o f  t h i s  p a r a l l e l i s m  i n  t h e  
c o n t r o l ,  i t  s e e m s  l i k e l y  t h a t  t h e  i n h i b i t o r y  l i n e  c a n  p r o v i d e  f e e d - f o r w a r d  
i n h i b i t i o n  o f  P N s  n o t  r e q u i r e d  i n  a  c e r t a i n  m o v e m e n t  o r  p a r t  o f  a  m o v e m e n t .  
S u c h  f e e d - f o r w a r d  i n h i b i t i o n  m a y  n o t  b e  r e s t r i c t e d  t o  d i f f e r e n t  s e t s  o f  P N s  
p r o j e c t i n g  t o  v a r i o u s  m o t o n e u r o n e  c o m b i n a t i o n s  ( d i s c u s s e d  i n  P a p e r  I V )  b u t  
c o u l d  a l s o  b e  r e l a t e d  t o  t h e  c o n t r o l  o f  t h e  g r o u p s  o f  P N s  ( P a p e r  I I I )  w h i c h  
p r o j e c t  d i f f e r e n t i a l l y  t o  f a s t  a n d  s l o w  m o t o n e u r o n e s .  I n  r e s p e c t  t o  t h e  
l a t t e r  p o s s i b i l i t y ,  i t  i s  i n t e r e s t i n g  t h a t  a  d i f f e r e n t i a l  a c t i v a t i o n  w a s  
o b s e r v e d  i n  f a s t  a n d  s l o w  e l b o w  e x t e n s o r  m u s c l e s  d u r i n g  t a r g e t  r e a c h i n g  
( P a p e r  V ) .  T h e  f a s t  L a T  w a s  u s u a l l y  c o m p l e t e l y  i n a c t i v e  d u r i n g  t h e  
p r e c e d i n g  s t a n c e  b u t  b e c a m e  b r i s k l y  a c t i v a t e d  j u s t  b e f o r e  l i m b  l i f t i n g  a n d  
a  s e c o n d  t i m e  d u r i n g  p r o t r a c t i o n .  C o n v e r s e l y ,  t h e  s l o w  M e T  w a s  t o n i c a l l y  
a c t i v e  d u r i n g  s t a n d i n g  b u t  i n a c t i v e  j u s t  p r i o r  t o  l i m b  l i f t i n g .  
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6. Feed-back inhibit ion 
Only about half of the C3-C4 PNs receive monosynaptic excitatory 
input from primary forel imb afferents (111ert et al.  1978). This excitation 
is weak in comparison with the descending excitat ion. In contrast, al l  of 
the C3-C4 PN s receive a strong disynaptic inhibit ion from different nerves 
(Paper IV) which was often evoked by a single st imulus showing strong 
l inkage to the inhibitory interneurones. These inhibitory interneurones 
appear to be governed mainly by fo rel imb afferents but are also control led 
from the cort icospinal tract. I t  is suggested th at they may give feed-back 
inhibit ion of the C3-C4 PNs during a movement. Since the inhibitory 
interneurones are act ivated by primary afferents in the dorsal column, i t  
is possible to test their contribution during the target-reaching movement. 
Experiments in progress (Alsterrnark, Gorska, Johannisson and Lundberg) have 
shown a dramatic defic it  after a combined tra nsection of the DLF and the 
d o r s a l  c o l u m n  a t  C 5 / C 6 .  I n s t e a d  o f  p e r f o r m i n g  o n e  s w i f t  t a r g e t - r e a c h  i n g  
movement (observed after the C5/C6 DLF lesion alone; Paper I )  into the 
tube, the cat persistently overshot the tube opening. 
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